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I Irttraductleh 
I XlISYS 
~ 2150 What arc cloud67 The answer to that qucsliun is both 

obvious and yubtlc. In tho terrertdal  atmospllere  clouds 
are familiar pl5 vast collcctions of small water drops Or 
ice crystals  suspended in the air. In the almosphcres u f  
Venus. Mars, Jupilcr, Saturn,Satum‘s moon’l’itan, Uta1jW 
Ntrytunc, and possibly Pluto, thry are composed of 
scvcralothersubst,~ncesincllrdingsulluricacid,nmmoniil, 
hydrogensulfide, ammtmium hydrosulfide,mztl\anc,  and 
cnlnplex organic mokcules. The  study of clouds  toucher 
on  many  facets of +tmnupht~ic science. The chemislry 
of clouds is tied to the chemistry of thc surrounding 
atmosphere.  Clouds can be both a source  and a sink 
for  wndcnsable moleculzb: as they moisten o r  dry the 
air. &>cal cooling or heating and local differences in 
mnisturr. conlent duc to clvud lornution change thc 
buoyancy o f  air parcels which drivcv local dynamics 
(frontal systems, thunderslorms and hurricaws arc a f e w  
familiar examples). Clouds  influcnrr the global clilnale 
by reflecting or absorbing solar rirdiatiw  while trapping 
thermal radiation. The fatc of life on Fmth a few ct71tu1.i~~ 
from now IIIJY hinge on thcir t ~ m r t i ~ i r ~  rolc in  mitipting 
thc greenhuusc cffectr o f  imrcased emission of cwbon 
dioxide gas f m n  biomass and fossil fuel burning. This 
article examincs what VJC know ahout clouds in thc 
atmospheres of lhe planets. 

Cloudy planetary atmospheres 
Slturn‘s largest satellite TItan and all the planets except 
Merrury have cloudy  atmosphrrcs. Thest can be 
categwizcd into thrw main gouyr .  Watcr  is the principal 
cloud rnnstituent on the relatively thln atmosphcrcv o f  
Earth and Mars. Venus and Titun h v c  thick cloud nnd 
ham layers whidl arc influenced strongly by chemical 
rcactions initiated by sunlight in t h e ~ ~ i g l ~ ~ ! m o s ~ l ~ e r e .  The 
giant planets Jupitcr, Saturn, Uranus and Neptune  have 
rducing atmosphercs  dominated by hydrogen which 
combines with trace amounts of nitrogcn, sulfur and 
carbon lo form clouds of ammunia (NH,), ammonium 
hydrosulhde (NH4SH), hydrogen  sulfldr (HzS) and (for 
Uranus and Neptunr) mcrhane (CHd). Mcthane clouds 
werc inferred to be prwcnt i n  l’lulo’s atmosphcrc allhough 
the interpretation of the data is ambiguous. 

The I3arth 
We know most about thc nature crf elowls in the Enrth’Y 
atmosylrcrc and so it is instfurlive to begin a survcy of 
planetary clouds with a revicw o f  tcrrcslrial clouds. Watcr 
is by far the  muinconstikwnt of termstrial cloudsbutsornc 
uthct constituents (mainly sulfur snd nitropcn) are often 
prcmtt. Water can exist as vapor, J i q v i d  drops, or frozen 
ice wy$tals, The amounts of water in these  various fomu 
depends on thc complex history nf each air parrd as it 
moves over Ia t~d  or water. Clouds take on ctrdractcristic 
forms which are contmll~d by the dynamical proresees 
responsiblc for their formation. By looking at photos of 

clouds takrn front space a scnse of thc dynamical regime 
can  be revealed. 

Visual ct>tcgonzatjon of cloud type6 is a scicncc 
that goes back many hundrcds of years, and much of 
the \eYrninolagy is Latin. Meteorologists in  the present 
day gKlUp clouds inlo t h r e e  main groups depending un 
thc altitude (low, middle and high),  with sub-categories 
witllin each p u p .  In tlw lowest 2 km altitude are 
Lhe. cumulus,  cumulonimbus,  stratus,  strelocumulus, and 
nimbostratus. Within the middlc layer ( 2 4  km) arc 
eltosiratus and altocumulus. At (he highcst level in 
the troposphere arc cirrus, cirrostratus and cirrocumulus. 
At still higher altltudes in thc stratosphwc and at vcry 
low concentratiow (exccp~ immediately after CI volcanic 
emption) nre small sulfuric acid drops at Inany latitudes 
and ice yarliclcs which form the polar noctilucent clouds 
(thin clouds XCII i n  the polar dawn and dusk). 

Culnulus  clouds Rre rclatively small (a few km in 
diamctcr), detachcd, puffy clvrldc whose tops and sides 
appe:lrbr*illiant whitc in direct sunlight. In this form they 
would bc? Impossible tcl scc Irum space unlcsu obwved 
with a rlvarby  camera with  high spatial resolution. 
Thcy can be 6ecn as single clouds, in fields of many, 
and may dwt:lop into large towers o f  wveral  grouped 
togcthcr. As moisture becomes morc available from 
eround evaporution these clouds can grow and mwgc to 
form  cumulonimbus which are heavy and dense, with o 
towcring structure. Thcsc can be sites of precipilation and 
lightrlilra. As seen from above lhey oftcn show a f l a t  top 
with a tail cxtending downwind. The rno~phology of the 
tdi l  appears similar to a blacksmith’s anvil, and  the word 
’arwil’ is often applied to these features. Thc clouds are 
classified as low clouds bccausc thc base is within  thc 
lowest Ievc.1, but in its entirety thc cloud extends through 
all three lev&, with the anvil providing a source of water 
dowrwtreum in thc highest IeveJ. 

Strntus clouds  form  a fairly flat, uniform layer, &Irk 
gray blanket whcn seen frum below. Thcy oftcn produce 
drizzle or snvw. StratocLmulus appear much like stratus 
except tlut thcy show detail (patddness, ragged cdgcs) 
and  nre levy dmsu in placcs, pcrmiliing  more strnlight to 
pcnccrate and showing ;I lightcr shade of gray %en from 
above, thcy appear clumpy and somr~imcs rcvcal periodic 
roll structums (cloud slrccls) which can cxtcnd Cor many 
kilomclers. Motion within thcsc clouds can occasionally 
produce cumulus-type  structures. I.argc (-1000 km) 
hanks of stratus and stratocumulus  clouds can be sccn 
in satellite pha lopaph.  Nirnbnatratus can be extremely 
deep with a top nearly at the toy uf the  ttoposphcrc and 
USUally produce prtcipitatiW. 

Altwtrntus clouds are distinguished from slraius 
mainly by the location of  thcir base which is highcr in 
the troposphere. A culorcd corona around the Sun ran 
sorrletimcs bc sccn. This b a rlmcqucnce of lhe way i a  
crystals w t t c r  light. Altocumulus also havc heir  base 
higher.  in the  atmosphcrc compared to cumulus. ‘I‘hcse 
clouds are usually thin and may take on a multituclc o f  
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(ormy from thin and flal 10 detachrd clumps to castle- 
shaped morphology. 

c1uu& in the high troposphere are composed almost 
entirely of ice particles. By analogy with the I ~ W X  
clouds, tlrc clouds which aIc confined lo  the highest hyCr.9 
(cirrw, cirrostratus, and cirrocumulus) can range from 
broad flat sheets to clumpy, distinct dements. Thcre are 
many Guh-categorjcs of cirrus which characteri7.e the many 
ways these clouds  can sppcar (smooth, strtmdEd, with 
hooks, in cells, Grainy or unduler, rcscmbling skeletal 
structures, etc). AI1 of this mcu.phologicalrichncss isivoted 
in thc equally rich dynamic  wind field and a complex 
interplay behvccn the  supply o f  vapor or crystals, and 
cloud microphysical yrocesscs (nuclealion, cundcnsation, 
growth, waporatlon, aggregalion, ylucipitaiion). Much 
of the cirrus  owes its origin to water supplicd by high 
altitude  entrainment of air frorn upstream  cumulonimbus 
anvil3 and  nimbortratus cloud tops. Atmospheric halos 
and Coronae are oltcn  wen  within thin cirrus clouds, a 
re5ult of sunlight scaltered by large watc-r  icc crystals. 

How do wc understand  the rnmplexity of h c  
diffcrmt cloud types and what do thcy tell us about 
thc yroresscs? This is an area nf active rrwirdr but 
already a great deal is known. The existmm of a cloud 
points to a proass where an air parcel colltairring water 
vapor (say, from cvayoration ovcr the nrcan or over 
moist land surlace) was transported t o  s location wherc 
thc temperature is codcr cool enough that the vapor 
plrsuure of watcr in  the air is higher  than 11rc condensation 
vapor  pressurc at the air lcmperature. In the luwcst 
12 km o r  so altitude (the tropospherc) lhc tcmperatum 
decreases with altitudc, sn a yarceJ of moist air which 
buoyanlly rises from the ground will cvcntually reach a 
lcvel where tho tcmpcratunt i:. Cool enough tu support 
condensation and cloud fcwmation. 1,ow-lying cloudy 
havc so much mclistum that they need r w t  I%C very far for 
the tcmperatttre to reach thc condensation temperature. 
Another way to cool the air  and prornotc cloud formation 
is to mix warm moist air with cool dryer air as p&lr 
cold front mnves through. A t h i r d  way is to lift  air as it 
flows ow," P mounlain. A cloud forms above or ncarby 
a mountain when the air fliswing over cc~ol$ as it rcaches 
B hi&c.r dtilude. Clorlds fnrmcd in this way arc a l lcd 
orographic clouds becnuw thcy rcmain fixed next to a 
topographic lcaturcas  theair flowspast. flresameproccss 
operates in the Martian atmosphwc ncar the tops of tho 
high volcano9 and In Neptune's atmosphar above a large 
vortm (Lhc Great Dark Spnl). 

Crlmulus cloud furmarion is initiated t y  natural 
wnvcclion as sunlight  warms  a moiut ground. As P warn\, 
moist buoyant parcel of gas riscs i l  reaches a conrfcnsation 
levelwl~crctl~ctcrnperatr~rfdropsbelow thecor1dcwatior.l 
temperaturc and the cwmutuS cloud forms at its base. 
An aid to convection in the tcrrcstrial atmosphvrc is thc 
density difference due to both thc tcmpcrature differencr 
(a warm yarccl is less dense) and a compositional 
difference (a moist parcel IS less clcnsc than dry C A S  for 
thc Earth's ntmosphcrc). In the glmt planet atrnusyhcr'cs 
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a moiqt parcc] is morc dewe  than  dry ga6 which  inhibits 
rather tlral1 promotes moist corwcction. A lhird fartor 
wllich enhances moist convection is the additional heat 
rclcayed as lalent heat of condcnsatian when the vapor 
condenses In the cloud. In a quieecent sibition whcle 
cumulus or stratus clouds form end dissipate at an equal 
rak thcrc is an equilibrium behveen the WP$Y Of moist 
air from the  ground and evaporatiun and precipltatinn in 
the cloud. If thew is a greal dcal of moisture avtlilah 
frvm the p u n d  and if the Initial convective motim is 
quite vigorous an Instability an grow, with the buoyancy 
carried by the moist convective pax& amplifying to the 
point that very large amounts of moisture art? injected at 
vcry high altitude9 (cumulunimbus  towers and anvils). 
Stratus clouds rcsult from a more sluggish dynamical 
regime where the  air is more stable and where there is 
a stable and abundanl  supply of moisture to maintain the 
cloud against precipitation nnd evuporation. 

Spacebased vicws of clouds  on all the pldrrcts arc 
donrinatccl by the large-scale featurcs. At large scales 
threc types of cloud featum arc comrnvnly sccn in 
t}\o Earth's atmosphere. Each ( I f  Lhcm has an c a d y  
rcrngnizable murphology and motion which are rootcd to 
tlw dynalnical rcgime forcing cloud formation. Mcsoscnle 
convective systcrns consist of fields of cumulonimbus 
clouds whose  anvils merge ~ n b  a single cloud shield with 
a horizontal cxlent much larger than the irldividual anvils. 
Me.~scalcrnnvrctivesystc.zns maybelong (-71K) km) and 
narrow (a fcw hn) with extcnsive precipitation occurring 
over a large scalc. CwnulrrP corrzvcfion is driven by 6mall- 
scale (100 km or Icss) convecth cclls. Small-xalc cclls 
can combine ti1 form the muchlarger mcsoscnlc convective 
syskms seen in satcllitc imp. 

Ot special importance tor thc dynamics of the 
terrcstr id  atmosphere is the organized deep ctmvcctinn 
ncar the equrltur. Timcavcraged maps of cloudiness 
rcvcal a band near the t?cpamr that moves in latitude with 
thr seasons. This is thi: Inlcr 'Royical Convwgenc:l: Zone 
(ITCZ). Its exit;tt.ncc. is prompted by convwging air mass 
at low altitude driven Ly large-scale I ladley citrulation 
in both henlisphew. Abundant water vapor  ncar  thc 
surface is available Toy a lnassivr  amount nf latent hcat 
transport. Moist convrclion within the ITC%  is vigorous 
and is responsible for a largc amount  of hcat and rnokturc 
transferred to the uppcr atmosphere  within thr ITCL 

Atlantic hurricdncs and Pacific lyphoons are tropical 
cyclones which constitute  anothcr  rommonly obrerved 
lalXe-scak cloud structure. They form ovcr occans and 
derive thcir cncgy Irom moist warm tropical mean 
air. Cyclmcs rotate in the countcrclockwisc dircclion 
in the notthcm  hc~nisyhrrc with lifetimes of thc  order 
of 10 rl. I Iwricancs and typhoon9 have  rcturn flow in 
a nsrrow tnlurnn at the c o n  whi1.h is frcc of cloudy. 
There lvnlainfi somc controversy about  what spccial 
conditionr art'requircd b kansforrn cornmtmly occurring 
~ropical cyclonw  into irrtr:nse systems that occur rclativcly 
rarely. A comnlun tlrrcad to the varivus rnodcls involves 
a very effective coupllnp between cumulus-swk moist 

OCT 28 ' 99 15: 13 818 ' 393  5029 PUGE. 03 



. JPL dSHIPG. 8 R E C G .  IDz818-393-5029 O C T  2 0 ' 9 9  l 4 : 5 4  No.013 P . 0 4  

I 
.,". -,"" .-. - lntroductlon 

convertion with thc la~.gc-scale wind licld via aninstability 
wllcd  the conditional instability ol !he scmnd kind, 
or CJSK. According tn most modeJn the nccan surface 
tcmperature  must bc at least 2hLC, which agrees wilh 
observation and leads to the conclusion that thew intense 
utorms will be more frcquent and/or mcwc inlcnsc should 
tlw  sea surface warm in the futurc from global warming. 

A third commonly obxrvcd lavgc-sale cloud struc- 
ture is the extratropical cyclone which prnduces  extmsivc 
yrccipitation in  the  middle 1atitu.d~~. Scvcral of then1 can 
be srcn in figure 1. They Are familiar as weather fronts 
nhcad of cold low-pmssure regions . 7'hc clouds that form 
at tlrcse hontr do so by sloping onrn~c!ion (as c~ppoued to 
cumulus  conwrtinn described ab0VC). Sloping convcr- 
tictn occurs whcn one body of  air overrich rtrwtltcr; low 
ing molal air upward. Clouds of all typcb arr associated 
with thcsclarpe~ralcfcaturer and rrlw with thctwoothrrs 
mcntioned abovc:. 

With that bricf introduction to LcrrcstIJal clouds we 
arc now in a position lo explore clouds on other ylwets. 
Thc bcAt place to begin is with thc almosphere of Mars 
which contains watcr ice  clor1ds and  displays many of tllc 
dynatnical features familiar to ttrrcslrial meteorohgy. 

MRYb 
Our krl(-,\&dgc of the Martian atmorphcrc is hasd  on 
illlages and yptxwa taken over n\any years from ground- 
based obscrvatoriek as well as t h e  13ubhlr SpaCCTelsCOp% 
several Soviet and US flyby or urbiling satellite% and 
]andcrs, mo5! notably Marinas 4, 6, 7 and 9, MAW 2, 
3, 4 and 5, Viking 1 and 2, rhobns 1 and 2 and Mars 
Global Surveyor, with  mnre on thc way or phnnrd. 
o f  tllC bcpjnning of 1999 thrcc  craft (Viking 1.andcrs 1 and 
2 and Mars Pathfinder) havc landed nn the SlJrfaCe and 
sent btl& it1 situ informationcrn atrnclsphcric composition, 
icmperatorc, prtsurc and cloud and dust opacity Many 
more landers are plannccl for thc next decadcs. 

T~Martianatmnsphcrrismadcup~~rn~slcntirely~f 
carban  dioxide (COz) with trace amounts of water, ai 'pn 
and scvcral clther constituents. Mean srrrface pressux is 
8 mb (compared lo a pressurr near 1 b el sea 1eVd on 
Earth). Surface temperature varics betwccn about 140 K 
n11d 250 K deptmding an latitude and season, Carbon 
di(Jxjdc condenses to form 111l CXlCnSiVe frokt layer on 
thy $IJrfnCe of M u s  a1 high latitude when thc surfarr 
tmpcr'ature drops sliglltly below 150 K. Orc~tbnal ly  the 
tempcrature in thc  polar  atmosphere sevc~al km abwc 
thc  surface drops low enough to form a COz ice i w c ,  
but almost all the bright white clouds scen on Mar6 are 
composed of walcr ice. 

Water  icc also condcnses at high latitude during 
winter, and at lower lntiludes as wcll during the cold 
night. Thc polar ice caps and the Martian soil sefvp 
as resrlvolrs of water which absorb or release water on 
diurnal and scasonal cycle6 as well a~ on much longer- 
tcrm cyclet:  tied to slow changcs in the Martian orbit and 
tilt. Outflow channclson thesrrrlaccarenow dry but pnint 
lo a much wetter Mars in thc distmt  past. The prmen! 
amount o r  wolcr in the atmosphere  amounts to only about 
10 pwrlpitable microrrlctcrs on average, ton little to be 
imyortal\t as a so\~rctt of buoyancy via latent heat rclcasc. 
Thus none of the terre5trial cloud types (c\lmulnnimbus w 
stratoninnbus on the small scale, humcencs  and mcsoscale 
convective systems) which feed on latent heat rclcase and 
an  abundant  mpply of water are .wen on Mars. 

The most fruitful approach to understanding water 
clouds on Mars is In note their similarily lo cirrus 
clouds in the high, cold tcwcslrial atmosphere, with Ihe 
addition of thc cffects of topography nperative in thc Mars 
atmosphere. 1.ee wave clouds arc  oflcn seen cln Mars 
dnwnutrtxrn of high volcanic mountains and near craters 
at lnww elevations. It in common to see 1c.c wavc  clouds 
with many lineitr urrdulations extending fnr morc than 
100 km downstream.  Clnuds form most oltcn in the early 
morning and letc: altcrnoon when the  tempcratures are 
cool. Tlwy are abundant in northern summcr in lhc Tharsis 
rcginn, a high platcau home to several of the highest 
Martian volcnncls F i p w  2 shows this, along with large- 
scale features that nppcnr to trace ylsnetarpxslc Itossby 
WLIVCS ai high latitude much as do extratropical cyclnnc 
cloud bands on lhe Earth. At night Ihe surface can radiate 
t o  space cfficicntly and cool dramalically, leading to thc 
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fnrmativn ol low-lying  ground fog which dissipates 6nnn 
aftcr sunrise. 

Although no\ classified as cloud, dust in  the Martian 
atmosphere plays an important rnlr in atrnusphcric 
dynamics and cloud lormation. Tlrc Martian atmosphcrc 
ustlally contnim cnough dust to be a significant absru,bcr 
o f  solar energy, heating thc iltnlbsphere during thc day 
and promoting radiative cooling at  night. Strong Ihcr~nal 
contrasts at the  edgc of tlw polar f m E t  dcpnait, couplrd 
with Ihc low dmsity of the Martian almosyhere, can  lend 
to high w t f a c c  winds which pick up  dust, somctimcs 
prugrestng to a glob~l (lust slorm that ciln hlanket the 
~ I ~ I I I c ~ ,  nbscuring cvcn the highest volcar~o~. h f k r  several 
mnntl~mmortuftl~cdustsedi~ne~~tsol~t~ndtl\catmc~sph~~ 
gradually wturn.. 10 a cooler statc mort conducive h) the 
formation of water ice clouds. 

VCtlIlS 
Venus and thc Earth have rirnilar. sin and mass but thctr 
atmosplwcs  and cloud structwcs differ markedly. fhc  
Venu atmosplrcre is cornpoxxi primarily of C02.  It is 
masvive (90 b,rrs ai lhc surface)  and  hot (740 K) near  the 
surfnce. necausc of its great fluid mass, slow rotaticw and 
greenhouseeffcct thcrc is little hwilontal (hcrrnal contrust 
(at most a few K from cquator to polc) and conscquently 
thc dynarnrral regtrnc is quite differmt than on the Enrtll 
or Mars. 

Venus RS wor) through R telescopc apprars bright and 
allnost fcatureles?: d w  to a ubiquituus thick laycr of cloud. 
Subtle contrasts can I J ~  seen at violet ;lnd mar-ultraviolet 
wavc.lc11glhs. The matcrial respvnriblc Iitr thc confmst 
has nnl been ~drrrtilicd with confidence but suggested 
candidatcs  include elemcntal ~ul fur  and thc compound 
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sizes. The clouds cxtcnd ovcr a very large vertical mngc. 
There are three mdin clnud layers tat altitudcz bctwccn 
about 45 and 70 k m .  t h i n  hazc layers extend ahnvc! and 
bdow Ihoseboundaries. Scvcral experiments revenlcd thc 
main cloud regiion h~ bc C~JInpSCd of thrw layers. ' I ' h  
lop layer is conwntratcd bctwrttn 59-66 km altitude. T'lw 
middle layer lies ktwccn 49-57 km altitvdp and thr lnwcr 
layer is most dense in a 2 km region just bdow h c  49 km 
boundary, at Jcast as measured by thc particle counler 
data un the Plonccr Venus large p r u k .  Ground-based 
and Galilco ncar-infrared inlagrs (from thc Near-Infrared 
Mapping Spertromclcr-NIMS) later ~lrowcd this laycr Lo 
be highly variablc inspace and time (scc liguw 3). 

Thc composition vf the cloud parlicles ir dominatrd 
by sulfuric wid, but some evidencc suggestv that an 
additional rnnstituent may be responsiblc fnr tllc largest 
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Figure 3. This illr~ge td tlw Vcnrrn nightidc taken by ihc G d i h  
Nwt Infrared M,ryying Spectrumncr ilwtntrncnl a 
wavelength o f  7.3 lnirmns I n  the nu;rr-inlral.rrl is bright whew 
infrarcd light rrnitlcd by the hot surface is l t w  amwaled by 
uvL-rIyq  rlouds wl\lch block thc, r.9diation in Ihc darkpr 
rqinns .  Thc contrsnk ,lrc prodwed moctly by variatitms 111 [he 
nurnbcr 01 laxe p;rrliclc$ in thr dccpcst of thr tl1rr.c m i ! \  cloud 
laycrs. '1 hrvu varlalions an. duc 10 atmo>phcric mollom which 
are most vigor.orrs in the lower cloud rcy iw  

particles in  the lowcr clnud layer. In thc lop cloud and 
haze sunlight Lrcaks up SO2 rnolccules which ccmbinc 
with wakr to fnrm yulfuric acid wilh a concentration near 
65% at  thc lop, inrreasing at deeper Icvcls. I n  !he middle 
and lower clouds there is insdficicnt ultraviulvt light 
In drive photnchcmiutry a d  thcr~~~ochemical proccsscs 
becornc important  in establishing chemicd  equilibrium. 
At thc dcepegt levels thc atrnosplwre and surfncc interact 
and thc surface acts as a source and sink o f  sullur 
and othcr romtituentr. Thc parliclc spectrometer on 
the Pionecr Vcnus large probe idcntified three rixes of 
psrliclee. Mode 2 particles have  radius closc to I micron 
and  dominate  the  top and middle clouds. Mode 1 particles 
arc sn~nllef (0.4 microns mean radius) and account for a 
few knths of thc oplical depth in thc  upper cloud whilc 
mode 3 partlcles arc: larger (several microns or mure) and 
provide much Of \hc Inass in the lowcr cloud. 

Thedynamic.31 regimeundcr which thcse clouds fnrm 
is mostly stable in the upper two laycrs (altitude? obovc 
49 km). Thesr clouds are analogous to sllnlifonn clouds 
in the tcrrevtrial atrrwsphcrc. The subdud contrasts seen 
in thc highest clwd  mnvr with the wind spccd (about 
100 rn s-') at the vislblt! cloud lops (near 70 km altitude) 
while the contrasts wen in the near-infrared window 
rcgions (e.g. fleurc 3) mow at  a slowcr rate (SO m s-l, 

Consirtent with wind Yptds measurcd by tracking entry 
probes). tislimntc.. of the number of large particles in 
the ~ O W U  cloud deck mndc by various entry probes 
v,lricd  by large factors. This observation Suppnrb: the  
idea that the conlrasts scen at  ncx-infrawd wnvrhglhs 
arc indicative of highly variable conrentrrtions of large 
(several microns radius or l q e r )  particles in thc lower 
cloud deck. The lawcr cloud is a regiwl of dynomical 
inslability In the Venus a(mosphere. Thc mcd~snism 
q m n s i b l r  for driving the Vcnus circulation remains 
uncJcar; althc~agh i t  seems likcly that  interactionsbctwcvn 
Waves and the mcan flow, initiated by absorption o f  
sunlight  in t l ~ c  cloud region, play a central rok. 

Titan 
Like Venus, Titan's almosyhcrc is a rnaskivc one with 
J dense haze layer and slow rotation and may be 
driven by the same mechanism. Bul the rhcmistry of 
the Titanian and Vcnusian atmospheres ctmld hardly 
be murc different. Tltan'r atmosphere ie mmposcd 
mainly of nitlugen wilh R few perccnl of methanc and 
other hydrocarbons and nitriles (rnolccules with H, C, 
and N).  Titan's atmosphere I6 cold (about 94 K near 
the surfacc and 71 K at thc tcmpcratare minimum 
near 40 km altitudc). At thnse temperatux$ mclhhane 
may condense nrar the trrnycrature minimum but Yome 
infrarcd measurnncnts ham the Voyager IRIS rxpctimcnl 
rugge8t thnc a methano cloud may no! be ylesent. I f  that 
is the caw methane  would be supersaturated  near  thc 
temperaturc minimum. Suprsaturatiun docs 1101 occur in 
thc terrestrial atmosphere  (with rcspcct to water) hut can 
bc achieved in thc  laboratory rlnder controlled conditions. 
11 w i l l  be difficult to resolve this issuc until the 1 luygcn's 
Probe desccnds into Titan's atrnosphaw  in 2004. 

Photolysis of methane in I ~ C  high atmrrsphew lead3 
to formalinn of ethane and other hydrocarbon and nitrilc 
mnlc?cules. Processing of thcsc molecules by long-term 
cxposurc lo sunlight and charged-particle bumbardmcn! 
from space eventually produccs R polymer hate which 
ctrvcrs the satellite and blocks the surhce From vicw at 
visible wavelrngths. This hazc is very  dark at ultravinlct 
wavclcnglhs and becomes brighl, with little absorption a t  
red wavelengths. It is composed of aggrcgatcs of small 
particlev whnsc mcan radius is close to O.Of6 microns. 

Chemical model6 pwdict a number of hazc and 
cloud layers deeper in  thc atmosphere, composed of mom 
volatile hydrocarbcms. Mrthane is [he  ~novt volptilt: and 
may condense below the  tcmpcralurc  minimum (altitude 
range 10-40 km). A little higher in the atmosphcrc 
ethanc may form a  condensation cloud. Less volatile 
hydrocarbnns andnitri!es are expected to form condensate 
layer6 a t  higher altitudes, including C2H2, C311r, C71-lp,, 
CIH2, HCN, CzN2, IICJN, (LN2 and many hedvier 
hydrocarbons. Carbon dioxide nnd water icc par\icler 
are also possiblc. Of these, only I ICTN and CaN2 
yariiclcs have been detected spectmscnpically. Dctcctinn 
of mmy nl  thcm is made  difficult by Titan's obscuring 
photorhsmicd k c  at higher altitudn. Thc spectral 
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signature ofC+Nz (dicyanoacetylcne) ice was SCCII by the 
Vuyilgcr infrared spectrometer only in the polar  haze of 
Titan. Anal)& ol thcse ubsnrvatiow reveala thAt (1) ice 
parlicle mean radius ir near 5 {cm, and (2) thc ratio of 
condenyak tu vapor mole frdrtlon as inferrcd from the 
data is about 10(1 tlmev more t h a n  cxpccted from stcady- 
state equilibrium of the constitucnts, accwntinp, for 
crcatim of the vapor at high altitudcs from photorhemical 
production, and  dtplction of the vapnt and condarsatc 
at low nltitudcs due to condcnsation and scdimcnlation 
ol particles. The large disequilibrium ratio is prnhably a 
rewlt nf scawnal variation of yhotochrmical destruction 
of vapor at high altitudt' and high ldtitudc working in 
conjuncrion with a rigrrilicant tlwrmal tinw lag deeper in 
the atmosphcrc due to long thcrrnal time c.orratank. 

Thcrc is almvst no contrast 0 1 1  Titan at visiblc 
wavelength.6 apart from a hcrnispheric nnrthisouth 
rcflcctivity cuntrast which ~'t?verscs over a st:vcrnl.ycar 
pcrioil as Titan rrsponds (a rearonal changes i n  insolation. 
There is a corrcspolldinghc;r\isyl~ccric difference in particle 
size in the uppw h z e  which in turn is rcla\cd to 
u l~cmispheric-sale rising and  sinking motion which 
responds to seasonal changc. Atmosphcric aewsols 
contribute Yignificanlly tu the hcat balencc in the 
stratosphcrc through their strong absorption of sunlight 
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and thercforc ale ilnyvrtant to the energy balance and 
circulation. 

7 ~ l c ~ ; u n f  plnnrfs 
All of thc giant planets Jupiter, Sahrrn, Uranus and 
Neptune }raw dccp atmosphems composed mainly of 
hydwgen and helium with trace amounb of clond- 
forming molcculcs water, ammonia (NHJ), ammonium 
hydrosulfide (NH'SH), hydrogen sdCidc (H2S) and 
methanf (CHI). All of thc.w except methanr can 
conduw in thc atmospheres of Jupiter  and Saturn. Thc 
almosyhereb of Uranus and Nqtunc rcsch sufficiently 
cnld temyeraturcs r w w  L h c  Icmperaturt! minimum at 0.1 b 
pressure io ccmdensc mctlmne. Condensatc clouds form 
in layers with the m*t volalilc forming a t  highcr altitudes 
wherc thc  tcmpcraturrs are raolct. 

01.11 ideas about composition arc bascd on a 
cornhination of ubservntions from the grnrmd and 
spactcmft togcthcr with modela of chemical reactions 
at lhc  temperature  and cchmpositjon of t h c  atmosphere. 
Sn far all of our  mcasummnts, except those frwn the 
Galiluo pmnbe which enrcmd Jupiter's otmosphcrc, are 
made remotcly with imtrnmcnls from the Icarth or on 
sparrrraft. The Galilm probe  sampled a part o f  Jupiter's 
atmosphcrc that is thvught tO he depleted in condctuabk 
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molcculcs, much likc! a dcsert  region on thc  Earth,  and so aLmoupherc?,the prcssurcand temperaturess mcasumd by 
thc plrbe rnoaswemcnk do not tell us about  the global a variety o f  inrtrurnents, and knowledge of ilw rhcmiral 
propertie$ nf clouds and cloud-forming constituents.  thermodynamirv of thc available molecules. This cxcrcist: 

As a Gtsrting point in undctslanding the vcrtical can tell \IS at what altitudvrtu txpcct clouds and what th(!ir 
locations and compositions of clouds we rcly on ther composition shnuldbebut it isnot adcquate for predicting 
lnvchcmical equilibrium madcls which make prcciictionu l l r  number densities o f  cloud particles at a given location 
frommeasured urinlcrrcdchemiral ahundancein thrtdrep hccause other prnmws  such as atmospheric dynamics 
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whosc origin and  rompmition is unccrlain.  Candidate 
materials include compounds ut hydrogen  bonded tu 
sulfur, nitrogen and carbon (hydrocarbons) created by 
photolysis in the upper troposphere or by bombardment 
frurn higl\-cncrgy charged particles precipitnting from thc 
magnetosphere. The lattcr proccss is almost certainly 
respurtsiblc for h e  formation of polar stratospheric haxcs 
in the stratospheres of Jupiter and Saturn. 

Cloud ccmtrasts arc subdued for Saturn and almost 
abscnl Iw Uranus. The.w planets as well as Neptune hnvc 
deep cloud structures  which  reduce contrast and hlvck 
upwelling thermal radiation. Cantrasts are dorninatd 
by Ihc jet structures, although there is not a one-to- 
onc correspondence betwccn cloud reflectivity and wlnd 
spccd and direction Saturn shows seasonal variations 
in cloud altitude. Thesc rcsult from solar heating of the 
upper ntmospl~crcwhich influences thr static stability and 
cloud altitudc. 'I'hme effects may well bc occurring as wcll 
on Uranub irnd Ncptnnc bul seasonal change$ for those 
planets occur on timczcalcs long compared to out ability 
to observe them. Individual ovals and spots do form in 
the Saturn atmosphere. They can he sccn mort easily in 
contrast-mhanccd images (figure 6) .  

'rho Voyager spacecraft viewed Uranus at a time 
when only one Iwmisphcre was illuminatad by the 
Sun. Only a few low-contrafit clond festures were o m  
against an  almost uniform thick cloud covcr. Morc 
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Introduction 

rcccntly the ncar-infrared ramcra on thc Hubble Spate 
T'le~mpc photognphcd a numbcr of clouds in the 
opposite hemisphere (figure 7). 

A numbcr of cloud typcs  wcrc seen during the close 
hyagcr  flyby of Ncptunc  in IYHY. Scvcral large Ovals 
were seen. Thc larpcsr of them was named the Great Dark 
Spot (hgurc 8).  Like jupitcr, scme coluring constituent of 
unccrlain origin and composition is rcsponsible for c l n ~ ~ r l  
ccmlrast and color. 'These ovals movc around  and osclllatr 
in longitude. 'l'hc aspect rdtio and lilt of the long and 
short axcs of the ovals also oscillate. These. osrillstions 
can bc understoud with modcls that take into  arrount the 
vorticity of the spot, its dcpth in the atmosphcrc, and the 
wind shear in which il is embedded. 

Other  typcs o f  clouds were wc:n In the Neptune 
atmosphere which are reminisrent of cirrus cloudr  and 
lee-wavr clouds scen high in the tcrreslrial and Martian 
otrnusphcrcs. They ~ T A  striated, they evolve rapidly w i h  
tirrlc (too rapidly to usc as tracers of wind) and smnv uf 
them lorn] clumps that arc tied to and ovcrlay Ihc larger 
uvals. The White Cnmpanion to the Grcat Dark Spot is the 
ptimc example of this. It wiw wen cvcn i n  ground-based 
imagcs in  one of the mcthane  absorption bands scnsitive 
tu high clouds. It can he sccn in figure 8. 7irc.s~ clouds  are 
prubably composed of mcthane ice, with thc undcrlying 
thick cloud bank bclng H2S ice. 

OCT 20 '99 15: 19 

Cloud microphysics 
Cloud microphysics is the study of proccsses that 
govern rlnud particle formation and evolution on the 
microscopic scale. It addrcssrs  such questions as 'What 
conditions are required fur clouds to form? How 
rapidly do particles @ow? What controls the particle 
size dislributicm?' 'I'hc study of cloud microphysical 
pTnrrcsCs goes beyond thc nhxoscopic. A bmader 
goal ia to undcrsland  the t~ndetlying processes which 
govcrn cloud structure and dynamics over largc salts 
A cnnsidcrable amount of work  has been invested in 
answering thesc qucslions for terrestrial rlouds where 
in sihl measurement!: ran be  made  and couplwl with 
laboratory and theoretiGd invcstigatiuru. There has bnnn 
mmc P tmmp to understand the mirmphyuics of clouds; on 
the othcr planets,  although tlw obscwalional constraints 
are much weakcr. 

Cordcnsek particles can form cither by direct 
condewation from supcrsaturated  vapur or by ctmdcllsing 
on a pre-exiuting furcjgn pal*ticlc (dust or sulhtp acrosol, 
for exurnple). Thcse are called homogeneour and 
heterogenruus nuclcation, respectively. Homogcmow 
noclcation bcginr when molcculcs in the vapor phasc 
combine to form a small cluster which can wrvc as  a seed 
nuclcus. Tlw cluster rnol~rules may evaporate, or morc 
molcc~rles from the vapor nray condense, dcpcndinR un 
whirh  outcome is favored by thsrmodynamics. 
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Figure 8. Nrptunc's Great Dark Spot (CDS) is the largc dark 
oval to thc left or wrtcr in this 1989 imagt' I,y the Voyager 
Im@g Subsyhtcm cmnera. Tie Rrielrt Companion clr)ud forms 
at l\iglwr altitudes at tho sOulhPrI\ rJyc 01 the GUS. SCVL'I.~ 
other bright cloud6 douwsfwam ((6 the right) of  l l ~ c  CfX? and 
anothcr I~)r;e cwal dm s1w viiblc. 

Thc Gibbu frw cncrg-y is  the  thcrmodynontic  quantity 
which contnlls particle grvwth or cvapomtion. Gibbr frw 
cnergy dqxncls on two tcrrns, particle surfacc srra timcs 
surface tension plus particle volllme timcv KT timcs thc 
nnturallogofthavaporprevsuredividcdbythesattlratinn 
vapor pressure, o r  

aG z 4 n o b  - $ndn,  K T  ln(e/ol). 

In the above equatlon A G  is the rlrange in Gibbs frcc 
cncrgyassociatcd withtheforlnationofaparticlcnfradius 
u, c is the surface lension o f  thc liquid, n, is tho number 
density of molcculev in thc liquid, K is the Iktlt7mann 
ronstant, c is thc  vapor pressure and cI is the saturation 
vapor yresrwe at tcmperature T .  

A plot o f  A G  as R function of radius u reveals that thr 
Cibbs free energy fnr particlrhurmation is alwayL positive 
h r  vapor prussurc lcss than rqml to the saturation 
vapor ptessurp. 'fhis j5 thermodynamically unfavurablr! 
and any particlc which may exist initially will evayorntc. 
When the vapor pressure is highcr than the saturatinn 
vapor pre.csurc thc C i b h  free vncrgy becomes negntivc at 
sane particle radius. There: is a critical radirrs, (ti,  whcrc 
cnndewatiun lmto the 1m1"ticle surface reduces the Cibbs 
lrcc energy and  thc particle will grow by ccudensatinn. 

Under normal  circumstanres in the terrestrial atmo- 
sphcrc i t  is extremely difficult to grow  a particle up to thr 
critical ndius  becausc thc  ratio of vapor  pressure t o  sat- 
uration vapor pressure is nevrr very high, A much mow 
common initiation of the growth process depends an the 
existence of cloud crudensation  nurci (CCN) which may 
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be compnwd of small dust or sulfate particles on Larth. h 
widcvarietyofCCNparti~~lccon~posltlnnsmaybcpl~sel~t, 
but only a small fractinn of them am conducivc to growtll. 
Particles whose surface structure is similar to that of ~ i l m  
or icc (stuh as silver iodidc ctystalsuxd for cloud sceding) 
makc good CCN. Another claw of particles which make 
~ V W  better CCN are hygroscopic sulfatcs and nitrates. An 
abundance of small CCN kads to an abundance of small 
droplets. <:onvcrsely, in an envlronmmt with Iav CCN, 
few water droplets will fntm, but t h c o ~ ~ e s  that do will take 
advanlageafthcavaifablcvaportoorow ton?]atiVClylarF;e 
size. lmages of thc ocean surface undcr  some condilinns 
reven] ship tracks as trails 1 4  small cloud particles whwe 
formation war initiatcd by an abundurrcc d CCN in the 
exhaust plumes of the ships. 

Condensation alone is iwuffrcien( lo grow particles 
in clouds to the  point ol precipitation over tl\c coarse of 
a few hours. Another mechanlrm, growth by collision 
and mcrging of drops (coalcsrence) or sticking o f  ice 
particlw (coaptlation),  pruduccs much more rapid growth 
when thc particles become lave cnough ( a b u t  20 Itm 
radius) that sedimentation vrlocitics become important. 
T11c largcst partirlcs sediment faster than thesmallcr one, 
and collide with other  partirlcs as they dcsccnd through 
the cloud. This behavior lcads to a process which can 
rapidly grow large (up to about 2 mm) particles. Cvcn 
larger particles ran form in updrafts nr p ~ ~ e l r  whi& cycle 
bctwccn updrafts and downdrafts. 

Thew idcns introduce tha interplay betwccn cloud 
microyhyc;ics and vertical and horizontal winds. Another 
muplingisbetween  radiationand clouds. At thc top of the 
cloud layer the cloud cools by emitting thermal radiation 
to space. This cooling in turn  fccds a circulation pattern 
with sinking cool air replaced by rising warmcr air from 
below and withintlwcloud. Thus the thrce major phyriwl 
processes (cloud microphyrics, atmospheric  dynamirs, 
and radistion) arc all corlpld, and this coupling must bc 
taken into account in cloud formtion/evolutinn models. 

Cirrus  clouds form near the top of the troposphere 
where the ternpcratures are cold (some 4O'C lower tltan 
the frwbing h?m]mature o f  watcr). Clouds are  supplied 
with vapor from the tops of l a p  convective systems 
carried horizontally by the wind shear. Both liquid and 
ice cw cxist, with lhe liquid supcrcooled by more thun 
30 X .  kc crystals can grow to rclalivcly large sizes ( o n  the 
ordcr of 100 pm) as they dcscend. Ice crystals forming at a 
variety of temperaturrs produce a wide varicty of crystal 
habits,  but thp dominant forms a r ~  hcxappul. Typical 
crytitdl anglcs are 120 and 90:. These lead to halo features;. 
the most common  at 4 scattering angle of 22'. l:lat platcs 
tend I F  orient in nnc  dilection as they fall duc to their 
aerodynamical pmfilc. hrlicteoriantatimr lcads to certain 
types of halos. 

Microphysical models of Venus, Mars, Titan,  and 
the giant planets 

Our knvwlcdgc of t h e  Venus cloud structure is consid- 
crable, thanks to cxtcnsive mwsuremcnh from multiple 
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instruments on several probes which dcsccnded though 
thc almosphm, as well as tcrnok spacecraft and ground- 
based instrurncnls. Models of the cluud microphysics 
murt take into account the coupled chcn~icnl cornpnsitinn 
of the particles and  gas (both chan~ewlth altitude), pholo- 
chemical procerxs a1 lhc top of the atmosphwc, thc lem- 
peraturc profile of the atmosphere,  and vcrtical transport 
duc lo eddy motions and parliclc sedimentation. 

Microphysical rnodcls attempt to Irproduce tlw 
observed particlc chcmbtry (sulfuric acid/warcr solution 
whose conccntration varies with altitudc as determined 
by tcmpcrature) and the sue dislribution and number 
dcluity of thc particles which also vary with altitudc. 
Recalling h u t  thcre are thrcc principal cloud layers 
in the Vcnus atmosphcrc, the topmost is governcd by 
photochemical procwws which act on sulfur dioxide and 
water to prwducc a sulfuric acid cloud.  Thc  lop clovd 
is closc lo steady state with litLlc temporal variation. 
Particle grnwth rnatthcs loss by sedimentation. Particle 
growth is povcrned by the availirblc sulfak  pmdurcd by 
pholochemlstry. Sulfur dioxide is supplied by vcr'tical 
transport from below thc clouds. A bi-mvdal she 
distribution is obscrved i n  thc lop cloud with one modc 
having mode radius 0.3 Jim, and the o t h  with modc 
radius 1 pm. 

Thc lower and middle clouds form by condensation 
from existing vapvr ratkcr lhan by  photocRemwtr)r which 
drives pnrticlc formation In lhe top clc~ud. Two vapnr 
consliluenb (II&Wd and HzO) are presrnt in varying 
amounts. Small particles are prescnt below the basc of the 
lower c l a ~ ~ d  and thew can servc as condensation nuclei. 
Model dmulationu shew that the twn most impnrlant 
parameters of the model are the vcrtical trransport, as 
charncterixcd by an  eddy diffuslnn profile which is a 
function ol altitude (it roaches a pcak at 54 km altitude 
in Ihe model), and thc nucleation merhanirm. Thc 
nucleation mechanism js thought to bc 8 combination 
of hctcrogenecws nucleation on insoluble wrcs  and an 
activation mechanism on sc~loblc (hygroscopic) corcs. 
A numvrical model srcnunls for thc balance in vapor 
prcssures of 1.i,SO, and 1 1 2 0  as a function o f  temperature, 
the supply o f  vapor via cddy d i f f u h n ,  loss rates duc to 
sedimentation, and continuity of particlc: mass as partitles 
grow. The nmdcl reproduccs thc observed hi-modal 
partick size dirtributiar. The smallesl particles (less than 
0.6 pm) arc the insolublc corey. Thc largest particles 
(lypically 3-4 / L r n  radius) arc lhusr which nucleate near 
thc top of the  cloud. As thcy fall they gnw by collision 
and  condcwation, hlvolning larger at lower altitcdcs. 

Mars 
Walcr moleculcs condensc on dust nrlclci in the 
Martian atmosphcrc lo form water ice clouds. The 
water abundance is not high and YO icc condensation 
rsquircs both cold temptmtulrs and availability nf dust 
condencation nuclei. At vcry cold tarnpcratures cark~n 
dlnxide can corrilcnsc on the water ice pnrticlcs. 
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lmagcs froom space and frnm the Viking and Mars 
Pathfinder  Iandrrs have shown thal ice cloud formatinn 
on Mars is highly variable. Whcn Man iu farthcst faam 
the Sun the  temperatures rue coldcr and ice clouds arc 
more extensivc and nlore frequent. But even  during thc 
fvw wccks of theMar6 Pathfinder mission cloud formation 
ncar the landing  sitc  was  highly variable. 

Thcrc are several major differencerr betwtrcn ice cloud 
formation on Mars and the Enrth. Thc water ahundance in 
the Martian atmosphere is much less than  that for Earth. 
Asa conseqtrencc thew areso few particlestheron~ulation 
procosr can be  ignotccl, leaving nucleation, ctmdcnsalion 
and sedirncntation as the fartors which dckrmine cloud 
formation and particle sirc distribution. f'hc amalleut 
partides are the same  size as the condensation nuclei. 
Thc ability of Martlan dust particlw to scwe as nucleation 
sltm is highly uncertain because not much is known about 
thc rnincralogy, which has I strong cffccl on nucleatlnn. 
Clay miwralr might bc present, and they tyyicdly arc 
cfficicnl nucleatork. Other mineral typcs are inefficient. 
(.)ne way to account for the uncertainty  in modeling this 
proccss is to make the contact parameter a paramcter of 
the rnicrophy.cic!l model. The enrrgy associatcd with ice 
particle formatlon is proportional 10 the factor (2 + rr~)(l - 
m ) 2  whew f71 is thc contact parameler. Values of rn close lo 
1 (c.g. for silver iodide, for cxamplc) reduce the encrgy of 
formation Iwding 10 rapid nucleation. spica1 tcrrcslrial 
roil parlicles have m ncar 0.4. 

R.iicrophysical modcls which employ the tempereturr 
profile as determined by ihe Mars Puthfindcr instruments 
find ice cloud formation i n  lwo layers. The  highest is in 
the altitude  range 30-50 km. A serorrd layer forms at ttrc 
tempcrature nrinirnuln near 10 km altitude. CorngctitiorI 
bctwccn  growth by nucleation and condensation and loss 
by sedimentation dcfines the ciizc distribution. Particks in 
the upper layer have mean radius near 1.5 pm, whereas 
those in  the lowcr layer have mcan radius  near 2.5 p n .  

'ITtan 
As is the case for the Earth, Vcnus, and the giant 
planets, clouds or 11w.c in t h e  strato6phclr form BY a 
result of photochemical proresses, whereas  thosc  in lhe 
troposphere form from condrnsahn. AI tlw deepest lcvcl 
tlrclr~kouldbrm~~lrancclouds. Othcrccmdensateclc~uds, 
possibly with a varicty of compositions, may form at 
intermcdirte levels. 

Methane cloud formation near thc  tcmpcratnre 
minimum (below 40  km altitude) is highly uncertain. 
Thc Voyager infrared kpcctra have bccn inkrpreted by 
some to imply thut mcthane is highly supersaturated 
nwr  tllc lclnperatum minimum. This cannot occur in 
the yrestnrr: of a subvtantial cloud, and 50 would imply 
that condcnsation occur6 only rarely, forming Iargc kc 
(or liquid in thc lowest few km) par~iclrs  whidr fall 
rdlpidly lo the surface (rain without rlouds). That .act?nario 
was yroposcd prior to thc interpretation of high global 
supersaturation of methane. 'Illan and the Farth may 
differ significantly in krms uf thenumhrr o f  condensation 
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nuclei availablc to initiate partick formation. On the 
Earth thnearc numerous CCN mixed up from thc surface. 
On Titan thc only CCN availablc may come from slow 
sedirncntalion of the  overlying photochcmicnl haze and 
from othcr  condensates. The number density from Ihal 
sourcc is thrrught tn he quite low compared t o  that for thc 
ILrth. Low CCN dcnsity would lead to fewer pticlcs ,  
t u 1  lhose that form ran grow by condcnsation to Ibrgc size 
(radii greater than 50 pm) brause their formutian docs 
Iittk lo deplete thc available vupor. Both microphysical 
models  and rtccnt ground-based near-infrared spcctra 
imply patchy and variable  clouds of largc methane ice or 
liqvid particles which form at  an altitude near 15 km. 

l'i~n'sstratosphericphutochcrnicoIhazeiscomp~sed 
of complex hydrocarbons and nitrilcs. The starting point 
for this process is thr photolysis of mclhane  and nitrogen 
high i n  the utrrrosphere (highcr than 300 k m  altilude). 
Although the process is slow, ovcc geologic timc enough 
methane  should have been processed to gcncrate 100 m 
thick surface deposits of liquid ethane  and solid organic 
matcrial, provided a surface reservoir of methane  hasbeen 
wailable toreplcnish that whlrh itl dwtroycd  ovcrbillions 
of years l'hc haze partidcs are undoubtedly comylcx 
organics and nitriles, although not cnctugh is know to he 
more 6pecific regarding Ihe ccmpnsition. 

Microphysiral models for Titan's stratospheric  haze 
lump the chemical p o c e ~ e s  leading to formation of 
condrnsahle organicu into onc adjustable parameter, thc 
mas$ production  rate of aerosol-furming molecules at  the 
top of the  haze layer. Nucleation Is assumed tu bc initialed 
by formation of $mall clustcrs of molecules which grow 
through collisions. Models include partick charging by 
UV and cosmic ruy cvcnts. Chargc is a free pilramclcr 
(numbcr of electrons per unit purticlc radius) and ~ c w e s  t o  
Inhibit growth by coagulatinn. 'traditional micmphydcal 
models  assumed the parliclcs remaln spherical LIS thcy 
grow. This would be expectcd if the partlclcs alp 
Ilquid. Mort: rcccnl ~nodrls incorporate labvratory wsults 
and  theuretic~l predictions which favor solid particles. 
Ar solid particles cnllide they  stick logether to form 
aggregates. As thc aggregates collide with each other 
they form larger aggregates which have  a fractal nature. 
Clvstar-cluster aggrcgalcs have fractal dimension close to 
2 (VCYSLIS spheres which have frnclal dimension 3). Near 
the top of the hazc layer (-400 km) the growth process 
is via molecules whirh stick tu individual yarticlcs. The 
individual particlcs grow to somc size limit dckrmined 
by the pressure. Both tlwory and observation indicate 
the  individual particles, or monomers have radii near 
0.066 pm.  Mutual collisions among the monomers givc 
rire to clusters and to cluster-clustcr aggregntcs as the 
partidcs settle. Thc cluster agg'cgatr iden cdn cxplain the 
combination of strong linear pol~izat ic~n in llght scattered 
near 90 scattering angle and the strong x'lttcring of light 
in the fcwward direction. 

GJmt phncts 
Microphysical studies of the condcnsatc clouds in thc 
Irnposphem nf the gianl planets rely on the familiar 
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principlts which describe growth by condensation, 
cuagvlation, and coalescence and loss by evaporatlon 
and sedimcntalion.  Ilowever, these models & r e  

extremely crude because the numbcr and cumyosition 
o f  yotcntial cloud condensation nuclei are  unknown. 
purlhermore cloud formation drpcnds strongly on 
atmospheric  dynamics which are nut taken into account. 
Thcrc are no in sit11 measurements except for thc Galilea 
probe which found few yarticlcs in its descent path 
thruugh a volatile-depleted patch of Jovian  atmosphcrc. 
Some microphysical models prcdicl that tlw methanc. 
clouds on Uranus nnd Neptune are 30-100 Limes mure 
mussivc 1h.m any clouds on Earth. Howcvcr, lhc 
observations shuw very littlc methane cloud mass. 
C)bsrwatiund evidcncc for the water cloud iu lacking, 
dhough higher clouds interfere. Thc a m m i a  cloud 
ncar the top of thc  troposphere on Jupiter and Saturn 
is predicted fmm microphysical modcls to be a weakly 
precipitating duud similar tu termtrial cirrus,  and 
observations a r e  ronsistent with that Idca. 

Coupled photi)Chc~ical/clo~~rl microphysical m d -  
CIS a1r ablc to arcoont for the optical dcplh  and size distrl- 
bution of hydrocdrbnn Iwe particlw in the stratuspllercs 
of  Uranus and Neptune,  provided thc n m s  production 
rate and particlc chargc are adjustable parameters The 
modcls account for particle siwt?v (all submicron) and vrr- 
tical prdilw as dcrivcd fro111 Voyager data.  Eddy diffu- 
sion transportc; methnnc tn the upper atMOSyllerc whew 
photochemical proccsscs lcad to formation of diacetylene, 
acetylcnc, and ethane ire particles which cnndcnse near 
0.1 mb, 2,5 mb, and I4 mb, Irspl*ctively. As the particles 
fall to pressures greater than 600 mb thcy cvaporate as the 
tempcrature riseB. Organic polymer6 can also form, prot- 
ably via solid-state photochemistry within Ilw original ice 
particle during thc stilling lifetimc. This prorevr run ac- 
count for the weak absorption sccn in rcllecled sunlight. 
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